INTRODUCTION
Mounting evidence suggests that histone PTMs play a crucial role in diverse biological processes, such as cell differentiation and organismal development, and that aberrant modification of histones contributes to diseases such as cancer (Berdasco and Esteller, 2010; Fullgrabe et al., 2011) . At least eleven types of PTMs have been reported at over 60 different amino acid residues on histones, including histone methylation, acetylation, propionylation, butyrylation, formylation, phosphorylation, ubiquitylation, sumoylation, citrullination, proline isomerization, and ADP ribosylation (Martin and Zhang, 2007; Ruthenburg et al., 2007) .
Histone PTMs are thought to contribute to the regulation of chromatin-templated processes via two major mechanisms (Kouzarides, 2007; Ruthenburg et al., 2007) . First, histone PTMs can directly modulate the packaging of chromatin either by altering the net charge of histone molecules or by altering inter-nucleosomal interactions, thereby regulating chromatin structure and the access of DNA-binding proteins such as transcription factors. Second, histone PTMs regulate chromatin structure and function by recruiting PTM-specific binding proteins, which recognize modified histones via specialized structural folds such as bromo-, chromo-and PHD domains (Wysocka et al., 2005 (Wysocka et al., , 2006 Zeng and Zhou, 2002) . Alternatively, histone PTMs can also function by inhibiting the interaction of specific binders with chromatin. PTM-induced changes in protein interactions between chromatin and its binding partners are in turn translated into biological outcomes (Margueron et al., 2005) .
While the majority of known histone PTMs are located within the N-terminal tail domain of core histones, PTMs of crucial importance for histone-DNA and histone-histone interactions have also been found in the globular domain of core histones (Cosgrove et al., 2004; Garcia et al., 2007c; Mersfelder and Parthun, 2006) . Novel PTM sites occurring outside of the N-terminal tails continue to be discovered, generally with the aid of sequence and modification-specific antibodies or by unbiased mass spectrometry (MS) methods (Chu et al., 2006; Garcia et al., 2007b; Johnson et al., 2004; Wisniewski et al., 2007) . The recent discovery of O-GlcNAc modification (Sakabe et al., 2010) suggests that additional histone PTMs may yet be discovered.
Here, we used an integrated, mass spectrometry-based proteomics approach, which takes advantage of in vitro propionylation, efficient peptide separation using isoelectric focusing (OFFGEL), and the high sensitivity of the LTQ Orbitrap Velos mass spectrometer to carry out a comprehensive analysis of histone PTMs. With this approach, we achieved high sequence coverage of peptide mapping in core and linker histones, ranging from 87%-100%, which in turn resulted in the identification of 67 new PTM sites. These histone marks expand the total number of known histone PTMs by about 70%. Interestingly, our results show that histones are intensely modified at various residues not only in the N-terminal tail, but also within globular domains. Among the modifications, we identified tyrosine hydroxylation (Yoh) and lysine crotonylation (Kcr) as two novel histone mark types. Finally, we demonstrated that histone Kcr is a robust indicator of active promoters and could be an important signal in the control of male germ cell differentiation.
RESULTS

Experimental Design
Histone proteins are characterized by a high ratio of both lysine and arginine residues (Garcia et al., 2007a; Zee et al., 2010) . As a result, tryptic digestions of histones tend to yield peptides that are relatively small and hydrophilic, which are difficult for subsequent detection by MS due to poor retention by the C18 RP-HPLC column. This problem can be addressed by chemical derivatization (e.g., lysine propionylation) of amine groups in the protein (N-terminal amines, and free and monomethylated lysine ε-amino groups) before or after tryptic digestion (Garcia et al., 2007a) . Similarly, lysine propionylation of core histones, before or after tryptic digestion, can generate complementary peptide sequences that boost the sequence coverage of peptide mapping by MS. Additionally, IEF separation of the tryptic digest into 12 fractions will further reduce peptide complexity and improve dynamic range.
Using this rationale, we designed an integrated approach for the systematic analysis of histone PTMs which maximizes both sequence coverage and sensitivity, leading to the identification of many novel PTM sites. In this method, MS analysis was carried out in histone proteolytic peptides that were generated by four parallel methods ( Figure 1A ): (1) Tryptic digestion of core histones without an in vitro chemical derivatization reaction; (2) tryptic peptides that were in vitro propionylated after tryptic digestion; (3) tryptic peptides that were generated by tryptic digestion of in vitro propionylated histone proteins; and (4) tryptic peptides that were generated by tryptic in-gel digestion of the individual histone proteins.
We used PTMap, an algorithm capable of identifying all possible PTMs of a protein (Chen et al., 2009) , to analyze all acquired MS/MS data and identify histone peptides with or without a PTM. As anticipated, sequence coverage by MS mapping was significantly improved after in vitro propionylation, either before or after tryptic digestion ( Figure 1B ). Among the four methods, Method III (in vitro propionylation before tryptic digestion of histones) achieved the highest sequence coverage of histones H1.2 (100%), H2A (90.7%), and H2B (94.4%). Method IV gave the best coverage for histones H3 (87.3%) and H4 (82.3%). In aggregate, we achieved sequence coverage of 100% of H1.2, 90.7% of H2A, 100% of H2B, 91% of H3, and 87.3% of H4. To our knowledge, this represents the highest reported sequence coverage for peptide mapping in histones.
Using this approach, we identified 130 unique PTM sites, which not only confirmed 63 previously known histone PTMs, but also revealed 67 novel ones, including 28 Kcr sites, 18 lysine monomethylation (Kme) sites, 1 lysine dimethylation (Kme2) site, 4 lysine formylation (Kfo) sites, 2 lysine acetylation (Kac) sites, 8 arginine monomethylation (Rme) sites, and 6 tyrosine hydroxylation (Yoh) sites ( Figure 1C) .
A summary of the non-Kcr modification sites and Kcr sites identified in this study is shown in Figures 1D and 1E , respectively. All the MS/MS spectra for the identified histone PTM peptides were carefully verified as previously reported (Chen et al., 2005) . We confirmed the identification of 10 novel nonKcr PTM sites by high-resolution MS/MS ( Figure S1 available online). Identification and validation of these non-Kcr PTMs are included in Extended Experimental Procedures.
Characterization of the Novel Histone PTM sites A core histone protein typically consists of an unstructured N-terminus, a globular core including a central histone-fold domain, and a conformationally mobile C-terminal tail (Garcia et al., 2007c; Mersfelder and Parthun, 2006) . The central histone-fold domain consists of three a helices and two loops that are known to be involved in histone pair-pair and histone-DNA interaction sites (McGhee and Felsenfeld, 1980) . The majority of known histone PTM sites were previously identified in the N-terminal regions of histones.
In this study, 39 novel non-Kcr PTM sites were identified. Interestingly, among these sites, only four sites were mapped to the N-terminal domains, while 25 were mapped to central histonefold domains, and another ten were mapped to the C-terminal domains ( Figure 1D ). Six PTM sites (including three monomethylated residues at H2BR79, H3R63, and H4K77, 1 acetylated residue at H3K122, and 2 hydroxylated sites at H2BY83 and H4Y88) are located at the histone-fold domains ( Figure S1M ). H3R63 and H4K77 participate in DNA interactions (Arents and Moudrianakis, 1993; Luger et al., 1997; Mersfelder and Parthun, 2006) , while H2BR79, H2BY83, and H4Y88 participate in the H2B-H4 interaction. While the amino acid residues located on the outer nucleosome surface do not contact DNA, they are known to regulate chromatin structure (Mersfelder and Parthun, 2006) . Five PTM sites were mapped at the outer nucleosome surface, among which we found 3 novel PTM sites, including monomethyllysine and formyllysine at H2BK116, and dimethyllysine at H4K59 ( Figure S1M ). Given the important roles performed by these residues in nucleosome structure and DNA binding, it is highly likely that these PTM sites will have significant impacts on transcriptional and epigenetic regulation.
Identification and Validation of Kcr Residues in Histones
A PTM will induce a structural change in the substrate residue and therefore a change of its molecular weight. Interestingly, on 28 lysine residues of core histone peptides, our analysis identified a mass shift of + 68 Da that does not match the shift associated with any known PTM ( Figure 1E ). This result suggested the possible presence of a previously unreported histone mark. To determine the nature of this modification, we selected one of these peptides, PEPAK +68 SAPAPK (modified at H2BK5), for further analysis. After manual inspection of the high-resolution MS data (precursor ion mass at m/z 580.8181), we determined the accurate mass shift of this modification was + 68.0230 Da. By setting the mass tolerance to ± 0.01 Da ($9 ppm, which is within the mass accuracy of our mass spectrometer), and specifying a maximum of 2 nitrogen atoms, we were able to deduce the possible element compositions of the modification group as either C 4 H 4 O or H 6 NO 3 . The former, C 4 H 5 O (mass shift plus one proton), is the only reasonable molecular formula of this modification. There were 4 possible structures consistent with the element composition: Kcr ( Figures  2A and 2B ), vinylacetyllysine (3-butenoyllysine), methacryllysine, and cyclopropanecarboxyllysine ( Figure S2A ). As crotonyl-CoA is an important and abundant intermediate ( Figure 2C ) in metabolic pathways of butyryl-CoA and acetyl-CoA, we focused on Kcr as the PTM candidate most likely to cause the mass shift.
To test if the identified mass shift of + 68.0230 Da was caused by Kcr, we synthesized the Kcr peptide, PEPAK cr SAPAPK, and compared its MS/MS spectrum with that of the in vivo-derived peptide. The in vivo modified peptide bearing a lysine residue (A) An illustration of the enzymatic reactions for lysine acetylation by lysine acetyltransferases (KATs) using acetyl-CoA as a cofactor, and a hypothesized mechanism for Kcr using crotonyl-CoA as a cofactor. (B) Ball-and-stick models of a crotonyl group and an acetyl group. The three-dimensional arrangement of four carbons and one oxygen of the crotonyl group are rigid and located in the same plane (left). The two olefinic carbons of the crotonyl group are shown in yellow. In contrast, the tetrahedral CH 3 in the acetyl group (right) can be rotated such that it is structurally very different from the crotonyl group. (C) Crotonyl-CoA metabolism pathways. Crotonyl-CoA was generated from butyryl-CoA or glutaryl-CoA, and oxidized to acetyl-CoA through multiple steps.
with a mass shift of + 68.0230 Da, the synthetic Kcr peptide with the same peptide sequence (PEPAK cr SAPAPK), and the mixture of the two peptides exhibited almost identical parent masses and high-resolution MS/MS spectra ( Figures 3A-3C ). In addition, the mixture of the in vivo and synthetic peptides coeluted in HPLC/MS analysis ( Figure 3D the identified mass shift of +68.0230 Da was very likely caused by Kcr.
To further confirm Kcr in histones, we generated a pan antibody against Kcr. This pan anti-Kcr antibody specifically recognized a peptide library bearing Kcr, but not four other peptide libraries in which the fixed lysine residue was unmodified, acetylated, propionylated, or butyrylated ( Figure 4A) ; the specificity of pan anti-Kac antibody was confirmed likewise ( Figure S2B ). The specificity of the pan anti-Kcr antibody was further demonstrated by western blotting with three different bovine serum albumin (BSA) derivatives, where peptide lysines were chemically modified by a crotonyl, vinylacetyl, or methacryl group, respectively. The result showed that pan anti-Kcr antibody recognized only the lysine crotonylated BSA, but not the unmodified, lysine vinylacetylated or lysine methacrylated BSA (Figure S2C ). This pan anti-Kcr antibody was subsequently used for western blotting and immunostaining of Kcr signal.
The antibody detected a Kcr signal among all core histone proteins: H2A, H2B, H3, H4, and linker histone H1. In each protein, the signal could be efficiently competed away by a peptide library bearing a Kcr, but not peptide libraries bearing an unmodified lysine ( Figure 4B ), metharcryllysine ( Figure S2D ), acetyllysine, propionyllysine, or butyryllysine ( Figure S2E) is present in nuclei and is associated with chromosomes. Indeed, immunostaining using the pan antibody showed that Kcr mainly existed in nuclei ( Figure S2F ; see also the analysis below of spermatogenic cells). Isotopic labeling is an established method to confirm in vivo protein modifications that was previously used for the study of histone Kac (Allis et al., 1985) . We rationalized that D 4 -crotonate can be converted into crotonyl-CoA in vivo, which then functions as a lysine crotonylation donor. Consistent with this hypothesis, the histone Kcr signal from HeLa cells increased dramatically after cells were cultured with crotonate ( Figure 4C ). After tryptic digestion of histones from D 4 -crotonate labeled HeLa cells, we carried out peptide immunoprecipitation using the anti-Kcr antibody. The enriched Kcr peptides were then subjected to HPLC/MS/MS analysis and protein sequence alignment, which confirmed Kcr on histone H2BK5 by D 4 -crotonate labeling (Figure 4D ). (Note: The D 4 -crotonic acid was mixed with D 3 -and D 2 -crotonic acid ( Figure S2G ). This characteristic isotopic distribution was used for the identification of D 4 -crotonyl peptide.)
Histone Kcr Sites in Human Cells
To identify histone Kcr sites, we used a Mascot sequence alignment to analyze MS/MS data derived from HeLa histones, using Kcr (+ 68.02621 Da) as a variable modification. These analyses led to the identification of 28 Kcr sites in human histones (Figure 1E ). In addition, 19 of these 28 identified sites were confirmed by in vivo D 4 -crotonate labeling experiments. The Kcr peptides and their corresponding MS/MS spectra are included in Supplemental Information 1 and Supplemental Information 2.
In summary, we have used five independent methods -MS/ MS and HPLC coelution of synthetic peptides, D 4 -crotonate labeling, western blotting, and immunostaining -to show that histone Kcr exists in cells, and identified 28 lysines on various histones that are subject to this PTM.
Histone Kcr Is an Evolutionarily Conserved Histone PTM To test if lysine crotonylation is present in histones from other eukaryotic cells, we isolated histones from yeast S. cerevisiae, C. elegans, Drosophila S2 cells, mouse embryonic fibroblast (MEF) cells, as well as human HeLa cells. Kcr signals were detected among core histones from all five species by western blotting ( Figure 4E ). Taking advantage of affinity enrichment using the pan anti-Kcr antibody and HPLC/MS/MS, we identified 24 Kcr sites on mouse MEF cells ( Figure 1E ). All of the annotated MS/MS spectra for Kcr mouse histone peptides are included in Supplemental Information 3. Taken together, our results revealed that Kcr is an evolutionarily conserved histone mark appearing in eukaryotic cells from a wide range of species.
Histone Kcr and Kac Are Mechanistically and Functionally Different
In order to examine whether histone Kcr is derived from promiscuous histone acetyltransferase (HAT) activity, we overexpressed two HATs, CBP and p300, in 293T cells and tested for histone crotonylation levels by western blotting. We found that overexpression of CBP or p300 led to the enhancement of histone Kac but did not significantly change the levels of histone Kcr ( Figure S2H ).
Using a fluorometric assay, we also demonstrated that histone lysine deacetylases (HDACs) 1, 2, 3, and 6 exhibit potent lysine deacetylation activities, but have very weak or no effect on lysine decrotonylation. For example, lysine decrotonylation activity was not detected with HDAC6 exposure, though the enzyme's deacetylation activity was very strong in this assay ( Figure S2I ). These results suggest that enzymes required for the addition and removal of Kcr on histone proteins may be different from those for histone Kac regulation.
Genome-wide Mapping of Histone Kcr in Human Cells
In order to explore the in vivo function of histone Kcr, we performed ChIP-seq analysis with the pan anti-Kcr antibody to determine the genomic distribution of histones with this modification in the human fetal lung fibroblast IMR90 cell line. As a control, we compared the Kcr distribution with previously obtained ChIP-seq results for H3K4me3 (marking gene promoters) and H3K4me1 (marking enhancers) distribution (Heintzman et al., 2007) . Strikingly, we found an abundance (totaling 84,435 peaks) of this histone modification in the human genome. Histone Kcr was largely associated with active chromatin, including both the transcription starting site (TSS) and regions previously predicted to be enhancers (Hawkins et al., 2010) (Figures 5A and 5B).
The majority (68%) of histone Kcr peaks was associated with either promoter or predicted enhancer regions ( Figure 5B ). At promoters, histone Kcr showed the strongest enrichment flanking TSS, in contrast to the observation that H3K4me3 was more enriched downstream of TSS ( Figure 5C ). At predicted enhancers, we observed a strong enrichment of Kcr in agreement with the H3K4me1 pattern at these sites ( Figure 5D ). Furthermore, we also observed a strong correlation between gene expression and Kcr level at promoters ( Figure 5E ). Taken together, these data strongly support a role for histone Kcr in gene regulation, especially at promoters and enhancers.
In addition, we also compared Kcr sites with histone lysine acetylation sites revealed by ChIP-seq assay using a pan antiKac antibody. The result showed that histone crotonylation generally occupies similar locations as acetylation in IMR90 cells as there is a significant overlap between Kac and Kcr peaks (Figure S3A) . These results suggested that in resting somatic cells, open chromatins are simultaneously marked by both histone Kac and Kcr. Given the finding that these two marks are catalyzed by different sets of enzymes, we assumed that the regulation of Kcr would likely have different spatial and temporal dynamics from Kac. To test this prediction, we explored the function of Kcr in the highly dynamic spermatogenesis process.
Histone Kcr Marks Testis-Specific Genes Activated in Postmeiotic Cells
We next investigated the genomic distribution of histone Kcr in spermatogenic cells, where a very specific gene expression program directs key steps of differentiation (Boussouar et al., 2008; Gaucher et al., 2010) . We first examined the global dynamics of Kcr during mouse spermatogenesis using immunohistochemistry. We observed an intense labeling of Kcr during elongating steps 9-11 in spermatids ( Figure 6A ), which coincides with a genome-wide histone hyperacetylation previously reported (Hazzouri et al., 2000) . Since a general transcriptional shutdown occurs at these stages of germ-cell differentiation (Zhao et al., 2004) , we investigated the relationship between Kcr and gene expression using a ChIP-seq experiment in earlier stages. Spermatogenic cells were fractionated to enrich in spermatocytes (Spc) and postmeiotic round spermatids (RS), which were used for ChIP-Seq analysis. As shown in Figure S3B , the genomic regions associated with histone Kcr from mouse spermatogenic cells showed a pattern very similar to that of human somatic cells: histone Kcr is enriched at the TSS of genes ( Figure S3C ). Additionally, we identified many Kcr sites lacking histone Kac, suggesting that crotonylation can occur independently of Kac ( Figure S3D ). To gain insight into the biological significance of promoter histone Kcr, we classified the genes associated with histone Kcr into three categories, depending on the variation of Kcr levels during and after meiosis: (1) Genes associated with similar levels of promoter Kcr between spermatocytes (Spc) and round spermatids (RS); (2) genes associated with lower promoter Kcr levels in RS than Spc; and (3) genes associated with higher promoter Kcr levels in RS than Spc ( Figure 6B ). We then analyzed expression levels among the three categories of genes. To this end, transcriptomic data from staged mouse spermatogenic cells (available on GEO website: GSE217 and GSE4193) were downloaded. The respective proportions of genes showing higher expression in either Spc or RS were determined among the three categories of genes. This analysis revealed no significant connection between histone Kcr levels and higher gene expression in either meiotic (Spc) or postmeiotic (RS) cells for the first two categories of genes (Kcr: Spc = RS and Spc > RS). However, the vast majority of the genes with higher Kcr in RS (Kcr: Spc < RS) were found to be activated after meiosis (Figure 6B, left) . This result indicates a tight correlation between postmeiotic histone Kcr and a specific haploid cell gene expression program.
To further characterize these genes, we analyzed their expression patterns in testis and several somatic tissues from adult mice. Here again, most of the genes associated with a postmeiotic increase of Kcr (Spc < RS), but not the other two gene categories, were highly expressed in testis ( Figure 6C) . A parallel ChIP-seq analysis of Kac showed that only 35% of these genes are associated with histone Kac at the promoters (data not shown). Therefore, the majority of the highly-expressed testis genes seemed to be predominantly labeled by histone Kcr but not by histone Kac.
Finally, we analyzed the genomic localizations of genes among the three categories of Kcr-marked genes. Our data showed that 31.4% and 1.2% of the third category of genes (Kcr, Spc < RS) were located on the X and Y chromosomes, respectively, while the other two categories of genes showed no particular bias in genomic distribution ( Figure 6D, left) . In contrast, three categories of Kac-marked genes showed no bias toward a particular chromosome ( Figure 6D, right) . This result therefore confirms distinct genomic distribution patterns for histone Kcr and histone Kac.
Given the postmeiotic enrichment of Kcr on sex chromosomes, we reasoned that an in situ approach may allow us to visualize a preferential association of Kcr with sex chromosomes. Remarkably, immunohistochemistry (IH) staining of testis sections (without counter-staining) revealed the presence of a single, dot-like structure exclusively found in round spermatids ( Figure 7A and Figure S3E ). To analyze the nature of this structure, we used sections of seminiferous tubules containing mostly round spermatids for the costaining of either Kac and Kcr (Figure S3F ), or Kcr and HP1g ( Figure 7B ). HP1g marks the heterochromatic chromocenter, as well as adjacent mostlyinactive sex chromosome, which is consistent with previously reported works (Namekawa et al., 2006; Turner, 2007) . Kcr concentrates at the sex chromosomes and is visible as a DAPI-dense structure adjacent to the chromosome center, which itself is composed of centromeric and pericentric heterochromatin and devoid of Kac (Turner, 2007) . The costaining of Kcr and HP1g confirmed these findings and supported the ChIP-seq results of an accumulation of Kcr on the sex chromosomes.
These data indicate that histone Kcr may play an important role in epigenetically marking sex chromosomes in the postmeiotic stages of spermatogenesis. On these chromosomes, this histone mark may be involved in specifically defining a subset of genes that escape sex chromosome inactivation after the completion of meiosis.
DISCUSSION
In this study, we described an integrated approach for the systematic analysis of histone PTMs (Figure 1 ). With this unique approach, we identified 130 PTM sites on human histones, including 63 known and 67 novel histone marks ( Figure 1C ). There are about 93 previously described histone marks based on the UniProt database (http://www.uniprot.org; Accession number: P16403 for histone H1.2; P0C0S8 for histone H2A; P62807 for histone H2B; P84243 for histone H3.3; P62805 for histone H4) and 3 histone O-GlcNAc sites that were recently identified (Sakabe et al., 2010) . Thus, our study expands the catalog of known histone marks by around 70%, which affirms the unprecedented quality and sensitivity of our approach. In particular, we have identified Yoh and Kcr as two novel types of histone PTM. Therefore, this work dramatically extends the catalog of histone PTM sites in mammalian cells and provides a platform for the discovery of novel mechanisms of histone regulation.
Five lines of evidence suggest that histone Kcr and histone Kac are different from each other and involve distinct pathways for addition and removal. First, the two PTMs are structurally very different. A crotonyl group has a more rigid structure, due to the presence of a flattened C-C p-bond ( Figure 2B ), while the methyl group of an acetyl group is tetrahedral and rotatable. In light of these obvious electronic and geometric differences, it is highly likely that Kcr uses distinct regulatory enzymes from Kac. Second, some lysine residues appear to be modified by crotonylation but not acetylation in core histones from specific cells of interest (e.g., H2AK118, H2AK119, H2AK125, H2BK34, H1.2K89, and H1.2K167 in HeLa and MEF cells reported here).
(D) The X-linked genes are highly and specifically marked by histone Kcr in RS. The respective proportion (%) of genes associated with Kcr (left panel) or Kac peaks (right panel) among chromosomes in male germ cells is shown. See also Figure S3 .
Third, our results show that KATs and HDACs exert very different effects upon Kac and Kcr. Fourth, the status of short-chain lysine acylation may be modulated in response to CoA concentration. In the case of crotonyl-CoA, it can be generated either from butyryl-CoA by short chain acyl-CoA dehydrogenase, or from glutaryl-CoA by glutaryl-CoA dehydrogenase. Once formed, crotonyl-CoA can be converted to acetyl-CoA for the TCA cycle. Finally, histone Kac and Kcr mark different sets of gene in some differentiated cells, as we report here in mouse sperm cells.
Strikingly, in both human somatic and mouse male germ cell genomes, histone Kcr specifically labels enhancers and, most precisely, the TSS of active genes. In postmeiotic male germ cells, a gain in histone Kcr is a consistent indicator of an X-linked haploid cell-specific gene expression program. Indeed, the identification of a subset of genes presenting increased Kcr in round spermatids allowed us to show that such genes are enriched on the X chromosome and are mostly predominantly expressed in the testis with a postmeiotic pattern of expression.
Meiosis is known to be associated with the inactivation of sex chromosomes, called meiotic sex chromosome inactivation (MSCI). MSCI initiates in pachytene spermatocytes, and sex chromosome gene silencing continues after meiosis in round spermatids (RS) until the general shutdown of transcription (Namekawa et al., 2006; Turner, 2007) . However, in round spermatids, a significant number of X-linked genes have been shown to be specifically reactivated (Mueller et al., 2008; Namekawa et al., 2006) . Interestingly, our results showed that histone Kcr specifically marks X-linked genes that are postmeiotically expressed. Consistent with this observation, our in situ experiment uncovered a remarkable postmeiotic labeling of Kcr on sex chromosomes. In addition, our result indicates that the addition of Kcr goes beyond the specific sets of genes identified above and also includes intergenic regions, a conclusion which has been confirmed by analysis of ChIP-seq data (data not shown).
Another interesting observation is the occurrence of genomewide histone Kcr in elongating spermatids following the general transcriptional shut-down associated with histone replacement. A genome-wide histone modification previously known to be associated with histone removal is histone hyperacetylation (Govin et al., 2004) . The occurrence of global histone Kcr at the same time strongly suggests that, like histone Kac, Kcr is likely to affect chromatin structure and hence facilitate histone replacement. Our data indicate that there is a limited overlap between histone Kcr and Kac. Although both histone modifications are associated with gene expression and their occurrence at a larger scale could facilitate histone removal, they may differently orient the reorganization of the marked genomic regions after histone removal, and hence be important histone marks in the establishment of a region-specific male epigenome organization.
Given the fact that all the previously-studied histone lysine PTM pathways, such as lysine acetylation and methylation, have important biological functions, we anticipate that Kcr will also likely play a major role in the regulation of histone protein structure and function. Identification of histone Kcr raises many interesting questions. What enzymes regulate the addition or removal of Kcr? What role does histone Kcr play in the regulation of histone structure and function? Are there proteins that bind to histone Kcr? Is lysine crotonylation also present on nonnuclear proteins as well? Answers to these questions will require further investigation. 
EXPERIMENTAL PROCEDURES
In-Solution Proteolytic Digestion and Chemical Derivatization of Histone Proteins
In-solution tryptic digestion of histone samples was carried out using a protocol previously described (Kim et al., 2006; Luo et al., 2008) . In vitro lysine propionylation of histone extract and tryptic histone peptides was performed as previously described (Garcia et al., 2007a) . Histone extracts were in-solution digested without chemical propionylation, chemically propionylated after in-solution digestion, or chemically propionylated before in-solution digestion.
Isoelectric Focusing Fractionation
The histone proteolytic peptides were separated using an Agilent 3100 OFFGEL Fractionator (Agilent, Santa Clara, CA) according to the manufacturer's instructions. Twelve fractions were obtained from each IEF fractionation experiment.
Nano-HPLC/Mass Spectrometric Analysis
The tryptic digests were injected into a NanoLC-1D plus HPLC system (Eksigent Technologies, Dublin, CA), and analyzed by an LTQ-Orbitrap Velos mass spectrometer (Thermo Fisher Scientific, Waltham, MA). Full scan MS spectra from m/z 350-1400 were acquired in the Orbitrap. Twenty of the most intense ions were isolated for MS/MS analysis.
Protein Sequencing Alignment
All MS/MS spectra were searched against the NCBInr human protein sequence database using Mascot and PTMap software (Chen et al., 2009 ). For histone samples that were generated by tryptic digestion of propionylated histones, the specific parameters included lysine propionylmethylation (+ 70.04187 Da) and lysine propionylation as variable modifications. For histone samples propionylated after trypsin digestion, N-terminal propionylation was included as a fixed modification. All the identified peptides were manually verified according to the rules described previously (Chen et al., 2005) .
Generation of Pan Anti-Kcr Antibody
The pan anti-Kcr antibody was generated and purified from rabbit with lysine-crotonylated bovine serum albumin (BSA) as an antigen. For more details, see Extended Experimental Procedures.
ChIP-Seq
ChIP-seq for histone Kcr or Kac was carried out as previously described with 500 mg IMR90 chromatin (or 100 mg of fractionated germ cells chromatin) and 5 mg pan anti-Kcr or anti-Kac antibody (Hawkins et al., 2010) . ChIP-seq libraries for sequencing were prepared following Illumina protocols (Illumina, San Diego, CA) with minor modifications. Libraries for input samples were generated using 20 ng corresponding input chromatin. Briefly, ChIPed DNA was first blunted with END-IT DNA repair kit (Epicenter Biotechnology, Madison, WI) and then incubated with Klenow (exo-) (New England Biolabs, MA) and dATP to generate single base 3 0 -dA overhang. Illumina sequencing adaptor was then ligated to the resulting DNA, and followed by size selection (180-400bp) from a 8% acrylamide gel. This size-selection step was repeated after PCR amplification with DNA primers supplied by Illumina. Libraries were sequenced using Illumina GAII or HiSeq machine as per manufacturer's protocols. Following sequencing cluster imaging, base calling were conducted using the Illumina pipeline. Reads were mapped to human hg18 (for IMR90 data) or mouse mm9 (for sperm cell data) genome build with a bowtie software package. Total mapped tags were paired down to unique, monoclonal tags. These are tags that mapped to one location in the genome and each sequence is represented once. For additional experimental materials and methods, see Extended Experimental Procedures, including methods for preparation of histones from HeLa cells, in-solution proteolytic digestion and chemical derivatization of histone proteins, HPLC/MS/MS analysis and protein sequence database searching, verification of lysine crotonylated peptides by HPLC/MS/MS analysis, synthesis of BSA derivatives, conjugation of Kcr-immobilized agarose beads, generation of pan anti-Kac and anti-Kcr antibodies, western blotting with competition of a peptide library, affinity enrichment of Kcr peptides, synthesis of Boc-Lys(crotonyl)-AMC and Boc-Lys(ac)-AMC, in vitro lysine decrotonylation and lysine deacetylation reaction assays, transient transfection, in vivo D4-crotonate labeling of histones, immunofluorescence of HeLa cells and germ cells using anti-Kcr antibody, immunohistochemistry of testis tubule cross-sections using anti-Kcr antibody, mouse spermatogenic cell fractionation, chromatin immunoprecipitation in fractionated germ cells, expression analyses, identification of mono-, di-, and trimethylated lysine residues, identification of N ε -formylated and acetylated lysine residues, identification of monomethylated arginine residues, identification of hydroxylated tyrosine residues.
Annotated MS/MS spectra of all the modified peptides bearing a PTM other than Kcr were included in Supplemental Information 4.
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